Background-Parkinson's disease [PD] is a degenerative process affecting the striato nigral system [SN]. Its etiology, although obscure may involve oxidative damage. Selenium, an antioxidant, was shown to protect the SN in animal models. In the current study we investigate the association between plasma selenium concentrations and the presence of "soft" neurological signs related to the SN. No contracts relating to this research through which it or any other organization may stand to gain financially now or in the future were signed by any of the authors.
INTRODUCTION
[DA] secreting neurons have been found to be sensitive to oxidative stress (1) (2) (3) (4) as well as other neurodegenerative disorders [NDG] (5) . DA itself readily oxidizes to react with proteins, lipids and nucleic acids. It forms neurotoxic derivatives, and interacts with intracellular iron or products of monoamine oxidase to form toxic oxygen radicals (4) . DA neurons have evolved multiple mechanisms to protect themselves from cytosolic DA stress (6) . Nonetheless, these defense mechanisms can be overwhelmed by cellular events, subjecting the cell to substantial oxidative damage, which may have a part in selective DA neuronal loss (7) .
Selenium is the third element in the chalcogen group -or oxygen family. In the body, selenium is incorporated into specific proteins called selenoproteins (8, 9) and can participate in redox type reactions. As such selenium protects cellular elements from oxidative damage. The best known mechanism utilizes glutathione peroxidase [GPX] , in which selenium occupies the enzymatic center. Nevertheless, other mechanisms do exist (10) . Selenium is preferentially taken-up by brain tissue and seems to have additional roles in the brain beside the glutathione mechanism (8, 11) . Animal experiments have documented the ability of selenium to prevent or even reverse brain changes, including Striato-nigral [SN] changes induced by oxidation (11, 12) . Selenium reduces both the pathologic changes in the SN and the decline in DA that is normally induced by methamphetamine toxicity (11) . Over the recent years, attention has also focused on cerebellar oxidative damage; considerable part of this damage is mediated by glutamate. A recent in-vitro study reveals that Se compounds were able to counteract oxidative damage mediated by glutamate (13) (14) (15) (16) Still, the evidence relating to cerebellar damage is merely in vitro evidence and lags behind considerably, compared to the SN system.
Given the sensitivity to oxidative stress of DA secreting neurons and the neuroprotective properties of selenium (16) (17) (18) (19) , we tested the hypothesis that higher plasma selenium levels may be related to better SN system function in older persons.
METHODS

Study sample
The design and data collection methods of the InCHIANTI study have been described previously (20) . The study conformed to the ethical principles contained in the Declaration of Helsinki, and the InCHIANTI Study protocol was approved by the Ethical Committee of the Italian National Institute of Research and Care of Aging. It is a longitudinal study among residents of two towns in Tuscany, Italy. The study commenced in 1998, when 1270 people aged 65 years or older were randomly selected from the two towns. Excluding 17 men and 22 women who had died or moved away from the area, a total of 1155 persons (91.1%) agreed to participate in the study and signed an informed consent. In cases of physical or cognitive impairment interfering with the ability to consent, proxy consent was obtained from a close relative. The next component was a structured home interview. Among those interviewed, 1026 (89%) were seen in the clinic and had a complete medical and functional evaluation performed by a geriatrician and an experienced physical therapist. A total of 1012 participants had both a complete physical exam and plasma selenium concentration measured.
Major neurological conditions were ascertained based on standard criteria. Parkinson's disease or Parkinsonism was defined as either a self-reported or documented previous physician diagnosis or as newly diagnosed based on the neurologic examination. De-novo diagnosis required typical clinical features, including slowness of voluntary movement plus one of the following signs: resting tremor, axial instability, rigidity, stooped posture, or festinating gait (21) .
Plasma selenium, total caloric intake, and cognitive function Selenium was measured in the plasma. Blood was drawn in the morning after an overnight fast. Aliquots of plasma were shipped on dry ice to the laboratory for the measurement of plasma selenium. Selenium was measured using graphite furnace atomic absorption spectrometry with an Analyst 600 with Zeeman background correction (Perkin Elmer, Norwalk, CT). Samples were diluted 1:4 with Triton-X(Sigma Chemical, St Louis, MO) and nitric acid solution (Fisher Scientific, Pittsburgh, PA), and the matrix modifier was a palladium and magnesium nitrate solution (both from Perkin Elmer). The instrument was calibrated daily by using known plasma selenium standards (UTAK Laboratories Inc, Valencia, CA). Within-run and between-run CVs were 3.1% and 7.1%, respectively (11, 12) . In addition, total caloric intake was calculated by using the European Prospective Investigation into Cancer (EPIC) food-frequency questionnaire (FFQ), which has been validated in the Italian population (22) . The Mini-Mental State Examination (MMSE) was used to measure cognitive function (23) 
Neurological examination
The neurological examination followed a pre-specified protocol designed to minimize the subjective component of the assessment (24) . Test-retest reliability of the examination was evaluated by repeated examinations, separated by 1 week, in 16 geriatric outpatients. The intraclass correlation coefficients for test-retest reliability for each item were all above 0.8.
Muscle tone was examined by passive rotation of the participant's neck and flexion/ extension motion of the elbows and knees. Rigidity was defined as steady resistance throughout the entire range of movement as perceived by the examiner. Coordination was evaluated measuring the rate of rapid alternating movements. The pronation/supination test [pro/sup], was done in the sitting position with palms on the thighs. The participant was asked to rapidly lift the hands, turn them upside down, and return to the initial position. Pro/ sup was repeated sequentially for 20 seconds as quickly as possible, and the number of complete cycles was recorded. In the finger-tapping test, the participant was asked to tap on the table with the middle finger as fast and as regularly as possible for 20 seconds. In the heel-to-shin coordination test, the participant, while lying supine, was instructed to place the right heel on the left shin just below the knee and then slide it down to the foot, repeating this movement sequentially for 10 times. The time needed to complete 10 cycles was recorded. Posture and gait were assessed during the examination by a trained geriatrician who diagnosed and charted any of the following abnormalities: neck bent forward, back curved forward, cautious attitude while walking, taking short steps, and walking with a widened base of support. Each abnormality was assigned a score of 1 and the total number of posture and gait abnormalities was calculated for each participant with scores ranging 0 to 5. Several activities of daily living were also observed by the above mentioned team. Any difficulty or limitation noted was recorded by the team on a graded scale. These tasks were grouped as activity of daily living (ADL) items. For our analysis we used rising from a chair, dressing and undressing for the examination, and getting in and out of bed. These ADL's are related to speed of motion and to maintaining the center of gravity, both functions that are related to the EPS. If a participant was unable to independently carry out any one of these 3 ADL tasks (without the assistance of another person), then that participant was classified as having an ADL limitation.
Statistical analysis
Selenium concentration was categorized into quartiles because preliminary analyses suggested non-linear associations with the outcomes. The study sample characteristics were described with means (±SD) for continuous variables (including the neuro-motor performance outcomes that were recorded as integers, but approximate continuous variables) and proportions for categorical ones across quartiles of plasma selenium (Table 1) . To determine whether individual participant characteristics in Table 1 were associated with levels of selenium, the F statistic from analysis of variance and the chi square statistic were used for continuous and categorical variables, respectively. Tests of trend were also performed by entering the quartiles of selenium as an ordinal variable in linear and logistic regression models. In addition, Pearson correlation coefficients between selenium concentration and the neuro-motor performance outcomes that approximate continuous variables are reported in the text of the Results section. We used multivariable analysis to assess the strength of association between selenium level and the outcomes in Table 2 , adjusting for the potential confounding effects of age, sex, study site, total energy intake, cognitive function (measured by the MMSE) and neuroleptic medications. Linear regression was used for the continuous outcome variables (e.g., finger tapping tests) and logistic regression was used for the dichotomous outcomes (e.g., presence of rigidity). Participants with Parkinson's disease were excluded from the analysis of soft neurological signs. In Figure 2 , linear models were used to regress selected neuro-motor performance outcomes on selenium concentration as a continuous variable adjusting for the covariates used in Table 2 . To graphically characterize these associations, Kernel-weighted local polynomial regression smoothing was used to generate the graphs in Figures 1 and 2 . All analyses were performed using Stata version 10.0 (College Station, TX).
RESULTS
Among the 1,012 participants included in the study, the average age was 75 years, 56% were women, and the average concentration of plasma selenium was 74.5 μg/L (SD = 12.5). Figure 1 shows that selenium concentration decreased with advancing age (r = −0.32; p<0.001). Table 1 presents the baseline characteristics of study participants by quartiles of plasma selenium. Lower levels of selenium were significantly associated with decreased total energy intake, decreased MMSE score, and more limitation in ADLs. Additionally, performance-based assessments of coordination were significantly worse in those with lower levels of selenium, and there was a significant trend of increased Parkinson's disease prevalence in the lower selenium quartiles. The correlation coefficients between selenium concentration and the number of postural problems, cycles of pronation/suppination in 20 seconds, finger taps in 20 seconds, and time to complete 10 heel-tibia cycles were −0.13, 0.21, 0.18, and −0.18, respectively (p < 0.001 for each correlation), The proportion of women and of participants with signs of rest-tremor or rigidity at any site did not significantly vary across selenium levels.
The multivariable regression analyses showed that selenium concentration was not associated with Parkinson's disease, rigidity, rest-tremor, or the number of postural abnormalities (Table 2 ). However, selenium was significantly associated with the number of pronation-suppination cycles per 20 seconds, the number of fingertaps per 20 seconds, and the time needed to complete 10 heel-tibia cycles. Participants in the lowest quartile of selenium concentration had significantly worse neuro-motor performance on these objective tests compared with those in the highest quartile of selenium. These results are consistent with Figures 2a-c, which show the effect of selenium modeled as continuous variable on selected neuro-motor outcomes.
DISCUSSION
Our results show that low plasma selenium concentrations are associated with subtle neurological impairments reflected in soft neurological signs. Such impairments were seen in coordination tests of both upper and lower extremities. Our observation is consistent with findings of other research showing higher prevalence of disability in the lower plasma selenium group (16, 25) . A somewhat similar finding was also found in participants with low vitamin E by another researcher (26) . Given that the InChianti study was conducted in community-dwelling elderly we chose to focus on minor neurological findings, bearing potential relation to the SN system.
The average selenium concentration in our study sample was relatively low, 74.5μg/L (0.94 μmol/L). These values are consistent with other studies conducted in Italy. For example, in the Veneto study (27) the mean plasma selenium concentrations were 65.2 μg/L (0.82 μmol/ L) in adults and 89.1 μg/L (1.12 μmol/L ) and 68.4 μg/L (0.86 μmol/L ) in adults aged 65-89 and ≥ 90 respectively from Bologna (28) . In other countries, and particularly in the US, selenium concentrations are higher, depending on the area where the assessment was conducted (29) . In the third National Health and Nutrition Examination Survey, Phase 2 (1991-1994) (NHANES III) the mean serum selenium among non-anemic and anemic adults was 127.3 μg/L (1.60 μmol/L) and 120.1 μg/L (1.51 μmol/L) respectively (30). These differences may reflect different assay methods as well as differences in bioavailability of selenium from foods that may stem from the amount of selenium in the soil (30) .
From a biological point of view, the findings in this study may reflect the putative protective effect of selenium against oxidative damage in neuronal cells. A wealth of scientific evidence relates selenium to the anti-oxidative mechanisms. Much of the confusion related to the popular term "anti-oxidants" stems from the generality of this term. In fact, antioxidants should be grouped according to several categories by their functions and chemical structures, which are highly divergent. Selenium, as previously mentioned, is an element, with close resemblance to sulfur, which serves as a component of the active site of several enzymes. The common feature of these enzymes is their ability to "disarm" super-oxide molecules (8, 11) . From a theoretical standpoint, even though aging is not fully explained by any single mechanism, it is widely believed that oxidative damage plays a role in the aging process.
The SN system seems an important indicator of oxidative damage in the brain. First, it contains a population of dopaminergic neurons, which are unique, highly specialized cells, with a specific neurological function. Thus, an injury to dopaminergic neurons in the substantia-nigra is far more likely to be clinically relevant than a similar size injury elsewhere in the brain. Secondly, dopaminergic neurons are highly susceptible to oxidative damage given the nature of the biochemical reactions in these cells (25, 31) . Specifically, the dopamine molecule itself has the potential to induce oxidative damage, unless rapidly sequestered in the cell (5, 25, 31) . On the other hand, other parts of the brain are also susceptible to oxidative damage. The cerebellum, which is highly important in movement modulation, is also a target for such hits. Ataxia-telangiectasia (A-T), a hereditary illness is a suitable example. A-T is an autosomal recessive disorder caused by mutations in the ATM gene. The hallmark of A-T is fulminant degeneration of cerebellar Purkinje cells accompanied by a progressive ataxia with features of both cerebellar and basal ganglia dysfunction. Recently, it has been suggested that abnormalities in redox status contribute to the A-T phenotype. In a recent study (13) , microscopic examination revealed elevated superoxide levels in cerebellar Purkinje cells and nigral dopaminergic neurons but not cortical neurons. These findings map increased superoxide levels onto the vulnerable neuronal populations selectively affected in A-T.
Our findings are also consistent with findings from animal studies using the methamphetamine nigrostriatal toxicity model. A study by Kim (11) showed prevention and even reversal of functional and anatomic nigrostriatal destructive changes using dietary enrichment with Se. This study is the most extensive one done in animals and its results are very convincing. Nonetheless, it is worth remembering that the methamphetamine toxicity model may not be fully analogous to degenerative Parkinson's disease (3, 32) .
The cross-sectional design of the current study limits causal inference that can be drawn from these findings. Indeed, reverse causation is possible as SN dysfunction might cause malnutrition leading to lower Se levels. This would be particularly of great concern in various patient populations (e.g., those diagnosed with Parkinsonism); however, our study sampled community-dwelling older adults and we excluded participants with Parkinson's diagnosis from the analyses of neuro-motor performance, reducing concern for reverse causality. Nonetheless, this study is observational and constitutes the first level of scientific investigation into the role of selenium in protecting the EPS. Thus the findings should be taken cautiously. The next phase should be a longitudinal cohort study, which would add a dimension of temporal sequence to this association. Finally, a neurological clinical trial could evaluate the potential benefit of increasing selenium concentrations. Figure 2a-c. Selected neuro-motor performance outcomes by plasma selenium concentration* *Note: Kernel-weighted local polynomial regression smoothing was used to generate the graphs (red line = mean and shaded areas = 95% confidence intervals. B coefficients were obtained from linear models regressing the neuro-motor performance outcome on selenium as a continuous variable adjusting for age, sex, total energy intake, MMSE score, and neuroleptic medication. 
*
The tests for trend were performed by entering the quartiles of selenium as an ordinal variable in the adjusted linear and logistic regression models † Odds ratios and (95% CI) from logistic regression models are reported for dichotomous outcomes with the highest quartile as the reference group ‡ b coefficients and (95% CI) from linear regression models are reported for continuous outcomes with the highest quartile as the reference group
